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ABSTRACT
We discovered a new growth mode of dust grains to km-sized bodies in protoplanetary disks that
evolve by viscous accretion and magnetically driven disk winds (MDWs). We solved an approximate
coagulation equation of dust grains with time-evolving disks that consist of both gas and solid com-
ponents by a one dimensional model. With the collisional growth of dust grains, all solid particles
initially drift inward toward the central star by the gas drag force. However, the radial profile of gas
pressure, P , is modified by the MDW that disperses the gas in an inside-out manner. As a result, a
local concentration of solid particles is created by the converging radial flux of drifting dust grains at
the location with the convex upward profile of P . When the dimensionless stopping time, or the Stokes
number, St, there exceeds unity, the solid particles spontaneously reach the growth dominated state
because of the positive feedback between the suppressed radial drift and the enhanced accumulation
of dust particles that drift from the outer part. These consecutive processes proceed even for spherical
dust grains under the Epstein gas drag. Once the solid particles are in the drift limited state, the
above mentioned condition of St & 1 for the dust growth is equivalent with
Σd/Σg & η,
where Σd/Σg is the dust-to-gas surface-density ratio and η is dimensionless radial pressure-gradient
force. As a consequence of the successful growth of dust grains, a ring-like structure containing
planetesimal-sized bodies is formed at the inner part of the protoplanetary disks. Such a ring-shaped
concentration of planetesimals is expected to play a vital role in the subsequent planet formation.
Keywords: Planet formation; Planetesimals; Planetary system formation; Protoplanetary disks
1. INTRODUCTION
Recent observations by large astronomy facilities such
as the Atacama Large Millimeter/Submillimeter Array
(ALMA) and Subaru telescope revealed varieties of com-
plicated structures of protoplanetary disks (PPDs here-
after; Hashimoto et al. 2011; Casassus et al. 2013; Fuka-
gawa et al. 2013; ALMA Partnership et al. 2015; Benisty
et al. 2015; Andrews et al. 2011, 2018a,b; Akiyama
et al. 2019). It is important to understand how planets
Corresponding author: Tetsuo Taki
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are formed in evolving PPDs with various complicated
structures.
In addition to viscous accretion (e.g., Lynden-Bell &
Pringle 1974), there are various processes that affect the
evolution of PPDs, such as photoevaporation (Shu et al.
1993; Owen et al. 2012; Ercolano & Rosotti 2015; Hollen-
bach 2017), the magnetically driven disk wind (MDW)
(Ferreira et al. 2006; Suzuki & Inutsuka 2009; Bai &
Stone 2013; Lesur et al. 2013; Suzuki et al. 2016), and
non-ideal MHD effects (Sano et al. 2004; Bai 2013; Si-
mon et al. 2015; Suriano et al. 2018, 2019). An inter-
esting aspect of these processes is that they potentially
create characteristic features in the surface density of
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the gas because different processes effectively operate at
different locations.
In usual conditions, such as the minimum-mass solar
nebula (MMSN hereafter; Hayashi 1981), the gas pres-
sure generally decreases with the radial distance from a
central star. In such circumstances, one of the severe ob-
stacles against the planet formation is the infall of solid
particles toward the central star by the gas drag. The
gas component rotates with a sub-Keplerian velocity be-
cause of the outward pressure gradient force to the radial
force balance, while the solid component tends to rotate
with the Keplerian velocity. Therefore, solid particles
feel headwind from the gas so that their rotation veloc-
ity is decelerated. As a result, these solid particles move
toward the central star (Whipple 1972; Adachi et al.
1976; Weidenschilling 1977). The timescale of this in-
ward drift is significantly shorter than the growth time
of solid particles when we assume the direct sticking of
solid particles as the growth mechanism. This obstacle
is often called “the radial drift barrier”.
There have been various mechanisms introduced to
overcome the radial drift barrier. The rapid formation
of large-sized bodies is one possible solution to this bar-
rier. A possible path is two-fluid instability between
the gas and solid components, which is called streaming
instability (Youdin & Goodman 2005). The streaming
instability forms dense clumps of solid particles quickly
(Johansen & Youdin 2007). These dense clumps even-
tually collapse to objects with a size of ∼ 102 km by the
self-gravity (Johansen et al. 2012). These large objects
are no longer affected strongly by the background gas
flow, because they are too massive to be perturbed by
the gas drag. Considering the internal density evolu-
tion of solid particles is an alternative way to the rapid
formation of large-sized bodies. Okuzumi et al. (2012)
computed the evolution of dust mass and their inter-
nal density simultaneously, and they found that fluffy
dust aggregates can quickly grow into large-sized bodies
rather than falling toward the central star.
Substructures of gaseous disks are another possible so-
lution to the radial drift barrier. For example, a local
maximum of gas pressure, which is often called a “pres-
sure bump”, is a promising location to halt the radial
drift of solid particles (Whipple 1972; Haghighipour &
Boss 2003a,b; Taki et al. 2016). This is because the di-
rection of the radial drift of dust particles is the same as
the direction of the pressure gradient, which is derived
from the radial force balance of the gas. Several can-
didates that yield pressure bumps are proposed: some
examples are the inner edge of PPDs (Haghighipour &
Boss 2003a), the inner edge of dead zones (Lyra et al.
2008; Dzyurkevich et al. 2010; Suzuki et al. 2010), which
are inactive with respect to magnetorotational instabil-
ity (MRI hereafter; Velikhov 1959; Chandrasekhar 1961;
Balbus & Hawley 1991), and snowlines (Kretke & Lin
2007).
The MDW potentially creates a pressure bump near
the inner edge of PPDs (Suzuki et al. 2010; Takahashi
& Muto 2018). The mass loss timescale owing to the
MDW is scaled by the local Keplerian time. Therefore,
the MDW generally disperses the gas component of a
PPD in an inside-out manner. In other words, an inner
cavity of the gaseous disk is expected to from by the
MDWs. Takahashi & Muto (2018) calculated the evolu-
tion of the surface density of both gas and solid compo-
nents simultaneously with MDWs. They confirmed that
pressure bumps formed by MDWs halt the radial drift of
dust particles, and showed that the dust surface density
gives a ring-hole configuration. An interesting aspect of
the pressure bump formed by the MDW is that it moves
outward with time. The dust ring also moves outward
as the location of the pressure maximum moves.
The radial drift velocity of solid particles is a function
of their size and the solid-to-gas density ratio (Nakagawa
et al. 1986). Namely, the growth of dust particles is also
important in forming ring-hole structures, in addition
to the accumulation of the solid component. Since the
accumulation of solid particles effectively occurs at a
pressure bump, the growth timescale of solid particles
is significantly shorter there than that in other parts of
PPDs.
The main focus of the present paper is to investi-
gate the size evolution of dust particles, which was not
considered in Takahashi & Muto (2018), in PPDs with
MDWs. We calculate a coagulation equation of solid
particles in time-evolving PPDs with MDWs. Although
previous works have mainly focused on pressure bumps,
we further pursue a new mechanism that piles up dust
particles in PPDs.
The construction of this paper is as follows. In Sect.
2 we describe the equations and simulation settings. In
Sect. 3 we show the simulation results of different cases
and explain a newly discovered growth mechanism of
solid particles. In Sect. 4 we discuss caveats of our
model and implications for the observation of PPDs and
the formation of planetary systems. Our conclusions are
presented in Sect. 5.
2. MODEL
We solve a coagulation equation of dust grains with
the time-evolving surface densities of the gas and solid
components under the axisymmetric approximation. We
describe each equation below.
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2.1. Gas Surface Density
The time evolution of gas surface density, Σg, with
MDWs can be written as
∂Σg
∂t
+
1
r
∂
∂r
(rΣgvg,r) + (ρgvg,z)w = 0, (1)
where r is the radial distance from a central star and
vg,r and vg,z are the r and z (vertical) components of
the velocity of gas. The subscript “w” of the third term
represents the mass loss by MDWs. We neglect the
backreaction from the solid component in eq. (1). Σg
is related to the gas density at the midplane, ρg, via
ρg =
1√
2pi
Σg
hg
. (2)
Here, the vertical scale height of gas,
hg =
cs
Ωk
, (3)
is derived from the sound speed, cs, and the Keplerian
frequency, Ωk =
√
GM?/r3, where G is the gravita-
tional constant and M? is the mass of the central star.
Throughout this paper, we consider a star with one solar
mass, M? = 1M. We adopt the temperature structure
that is determined by the radiative equilibrium, T =
280× (r/1 au)−1/2 K (Hayashi 1981). From this we ob-
tain cs =
√
kBT/µmH = 9.9× 104 (r/1 au)−1/4 cm s−1,
where kB is the Boltzmann constant, mH is the proton
mass, and µ = 2.34 (Hayashi 1981) is the mean molec-
ular weight. From these dependences, the scale height
depends on r as hg ∝ r5/4.
The second term of eq. (1) denotes the radial flow
of the gas and it is calculated from the conservation of
the angular momentum in an annulus of a disk (Suzuki
et al. 2016) as
rΣgvg,r = − 2
rΩk
[
∂
∂r
(
r2Σgαrφc
2
s
)
+ r2αφz(ρgc
2
s )mid
]
,
(4)
where the subscript, “mid”, stands for the midplane
and αr,φ and αφ,z are dimensionless parameters after
Shakura & Sunyaev (1973). αrφ is an effective turbulent
viscosity, and αφz is a magnetic braking stress, namely
the torque exerted from the MDW, where · · · denotes
that the density-weighted averages are taken over the φ
and z directions (see Suzuki et al. 2016, for the math-
ematical definitions). These two parameters, αφz and
αrφ, respectively determine the outward transport and
removal of the angular momentum from a disk that in-
duce the accretion of gas to the central star.
We consider two types of the parameterization for the
wind torque: (i) αφz is constant in the whole region; and
(ii) αφz depends on the local gas surface density. We
name (i) constant torque and (ii) Σ-dependent torque
from now on, following Suzuki et al. (2016). The wind
torque is expressed as
αφz = αφz,0
(
Σg
Σg,0
)−l
. (5)
We assume that αφz,0 = 1.0×10−4 and l = 0 for the con-
stant torque case, and αφz,0 = 1.0 × 10−5 and l = 0.66
for the Σ-dependent case. Bai (2013) reported that
αφz ∼ 10−5...10−3 with a negative dependence on the
plasma β, αφz ∝ (8pi(ρc2s)mid/B2z )−0.66, by local MHD
simulations. The constant torque case corresponds to
the case that the plasma β is uniform for time and lo-
cation (Bai 2016). The Σ-dependent torque case cor-
responds to the case that the vertical magnetic flux is
preserved at each location even though the gas surface
density decreases. We test these two extreme cases in
this paper.
The third term of eq. (1) indicates the mass loss by
the MDW, and the mass loss rate is adopted from the
local MHD simulations in Suzuki et al. (2010) as follows,
(ρgvg,z)w = Cw (ρgcs)mid , (6)
where Cw is the dimensionless mass flux of the MDW.
We employ the typical value of Cw ∼ 10−5.
2.2. Dust Surface Density
The time evolution of dust surface density, Σd, has
basically a similar form to eq. (1),
∂Σd
∂t
+
1
r
∂
∂r
(rΣdvd,r) + (ρdvd,z)w = 0, (7)
where (ρgvd,z)w is the mass loss rate of the solid com-
ponent dragged upward by gaseous MDWs, (ρdvd,z)w =
Dw (ρdcs)mid. The values of vd,r and Dw depend on the
masses and sizes of solid particles. Under the single-
size approximation, we use vd,r and Dw for bodies with
the mass-weighted averaged mass mp (see derivation in
Appendix A).
We can obtain a fitting formula for Dw from the result
of Miyake et al. (2016).
Dw = max (−1.8St + Cw, 0) , (8)
where St is the Stokes number for a spherical dust grain
defined as (Sato et al. 2016)
St =
piρma
2Σg
max
(
1,
4a
9λmfp
)
. (9)
Here ρm = 2 g cm
−3 is the material density of the solid
component, a = (3mp/4piρm)
1/3 is the radius of a solid
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particle with mass, mp, and λmfp is the mean free path
between gas particles. The mean free path is expressed
as λmfp = µmu/σmolρg, where mu is the unified atomic
mass unit and σmol = 2.0 × 10−15cm2 is the collisional
cross section between molecules. When a < (9/4)λmfp,
the gas drag is in the Epstein regime, and otherwise if
a > (9/4)λmfp, it is in the Stokes regime. When St 1,
the solid particles are well coupled to the gas. When
St 1, the solid particles are hardly affected by the gas
drag, and their motion is almost independent of the gas
flow. Since we adopt Cw ∼ 10−5, eq. (8) indicates that
only small dust grains that are tightly coupled to the
gas with St < 10−5 are lost with MDWs and that the
larger grains are left in the disk (see Miyake et al. 2016,
for the detail).
The radial drift velocity, vd,r, is derived from the
radial and azimuthal components of the equation of
motion of solid particles (Adachi et al. 1976; Weiden-
schilling 1977; Takeuchi & Lin 2002),
vd,r =
vg,r − 2Stηvk
1 + St2
, (10)
where η is a dimensionless pressure gradient force de-
scribed below and vK = rΩK is the Keplerian rota-
tional velocity. From eq. (10), the relative velocity,
| vd,r − vg,r |, has a maximum speed at St = 1.
The dimensionless pressure gradient force η is
η = − 1
2ρgrΩ2k
∂P
∂r
, (11)
where P = (ρgc
2
s )mid = ΩKΣgcs/
√
2pi is gas pressure at
the midplane. Although η is positive everywhere in the
MMSN, MDWs locally change η in, and in some cases,
η could take a negative value.
2.3. Radial Drift Timescale
From the radial velocity of solid particle, eq. (10), the
radial drift timescale, tdrift, is defined as
tdrift ≡ r|vd,r| ≈

r
|vg,r|
(
St | vg,r |
2| η |vK
)
,
1 + St2
2| η |StΩ
(
St | vg,r |
2| η |vK
)
,
(12)
(13)
where eq. (12) is for smaller particles that are strongly
coupled to the gas and eq. (13) is for larger particles
that are weakly coupled to the gas. When the accretion
is induced by turbulent viscosity,
|vg,r|
2|η|vK ≈
αrφc
2
s
2ηv2K
. If we
consider typical conditions of the MMSN, c2s/v
2
K ∼ 10−3
and η ∼ 10−3, we get |vg,r|2|η|vK ∼ αrφ; when solid particles
grow to St& αrφ, they enter the loose coupling state
from the strong coupling limit.
We should note, however, that the above estimate is
modified when the MDW torque plays a dominant role
in determining vg,r. In addition, η is largely altered in
PPDs with MDWs, which we examine in Section 3.
2.4. Collisional Growth of Solid Particles
We assume perfect sticking via collisions without colli-
sional fragmentation and adopt a single-size approxima-
tion to calculate the collisional growth of dust particles,
following Sato et al. (2016). The time evolution of mp
via collisions and radial drift is given by (see derivation
in Appendix A),
∂mp
∂t
+ vd,r
∂mp
∂r
=
2
√
pia2∆vpp
hd
Σd, (14)
where ∆vpp is the relative velocity between solid parti-
cles with masses ∼ mp and hd is the scale height of dust
grains with mp, which can be estimated as
hd = hg
(
1 +
St
α
1 + 2St
1 + St
)− 12
, (15)
(Youdin & Lithwick 2007), where α is turbulent strength
and we here adopt α = αrφ. We follow the growth of
mp up to a = 1 km, because we are interested in the
formation processes of km-sized bodies, planetesimals,
and the growth process of bodies larger than ∼ 1 km is
controlled by the self-gravity, which is not considered in
our model.
We basically follow Okuzumi et al. (2012) for the
derivation of ∆vpp, which we briefly summarize below:
∆vpp =
√
∆v2B + ∆v
2
r + ∆v
2
φ + ∆v
2
z + ∆v
2
t . (16)
∆vB denotes the relative velocity by the Brownian mo-
tion, which is given by
∆vB =
√
8(m1 +m2)kBT
pim1m2
, (17)
where m1 and m2 are the masses of colliding particles,
and in the single-size approximation we take m1 = m2 =
mp. ∆vr, ∆vφ, and ∆vz are the three components of the
relative velocity between colliding particles, which arise
from the drift motion of dust grains from the background
gas. In addition to the r component of eq. (10), the φ
and z components are written as
vd,φ = − ηvk
1 + St2
(18)
and
vd,z = − StΩk
1 + St
z. (19)
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If we apply the single-size approximation (m1 = m2 =
mp) in a strict sense, ∆vr, ∆vφ, and ∆vz are all zero.
However, this is not realistic. We estimate them by
∆vd,i = |vd,i(St1) − vd,i(St2)|, where St1 = St , St2 =
St. In Sato et al. (2016), they found that  = 0.5 is
a good approximation that well explains the result con-
sidering the realistic distribution of particle masses by
Okuzumi et al. (2012).
The z component can be estimated from the difference
between the vertical sedimentation velocities of particles
1 and 2 as
∆vz =
1√
2pihd,12
∫ ∞
−∞
|vd,z(St1)− vd,z(St2)|
× exp
(
− z
2
2h2d,12
)
dz, (20)
where hd,12 = (h
−2
d,1 +h
−2
d,2)
1/2 is the mean scale height of
particles with m = m1 and m = m2. Here, hd,i(i = 1, 2)
stands for hd(Sti).
∆vt is the relative velocity by the turbulent motion of
the gas that pushes particles in a stochastic manner. We
adopt the formula introduced in Ormel & Cuzzi (2007),
in which they classified the interaction between turbu-
lent eddies and particles into two regimes. In Class I
solid particles interact with an eddy for a long time and
their initial motion is modified before the eddy vanishes;
In Class II, the duration of the interaction between solid
particles and an eddy turnover time is shorter than their
stopping time. We define the relative velocity of each
class as ∆vI and ∆vII, respectively. From these argu-
ments, the relative velocity can be estimated as
∆v2t =

∆v2I (1.6St1 < Re
−1/2
t )
∆v2I + ∆v
2
II (Re
−1/2
t < 1.6St1 < 1.0)
∆v2II (1.0 < 1.6St1).
(21)
Ret = αcshg/νm is a turbulent Reynolds number, where
νm = λmfpvth/2 is a kinematic viscosity of the gas. The
thermal velocity is given by vth =
√
8/pics. Here
∆v2I = c
2
sα
St2 − St1
St2 + St1
[
St21
St1 + 1
− St
2
1
St1 + St
∗
12
+ (1↔ 2)
]
,
(22)
and
∆v2II = c
2
sα
[
(St∗12 −Re−1/2t ) +
St21
St1 + St
∗
12
− St
2
1
St1 +Re
−1/2
t
+ (1↔ 2)
]
, (23)
where St∗12 = max[Re
−1/2
t ,min(1.6St1, 1)] is the bound-
ary between the two regimes and (1↔ 2) denotes inter-
change between particles 1 and 2.
2.5. Growth Timescale
We define a growth timescale, tgrow, of solid particles
from the increase of particle size, a; we here use a, in-
stead of mp, to evaluate tgrow because it coincides with
the growth timescale of St in the Epstein regime (eq. 9).
Then, from eq. (14) we can derive
tgrow≡
(
1
a
da
dt
)−1
=
(
1
3mp
dmp
dt
)−1
=
3mphd
2
√
pia2∆vppΣd
. (24)
In this paper, we mainly focus on the dust growth
in a range of αrφ  St  1. In this case, hd ≈
hg(1 + St/αrφ)
−1/2 ≈ hg
√
αrφ/St in eq. (15). ∆vpp
is dominated by the turbulent component in usual sit-
uations. The regime of αrφ  St  1 roughly corre-
sponds to the intermediate range of eq. (21), which gives
∆vpp ≈
√
αrφStcs. Then, we finally obtain the following
approximated expression of tgrow for αrφ  St 1:
tgrow≈ 4St√
pi
Σg
Σd
min
(
1,
9λmfp
4a
)
hg
√
αrφ/St√
αrφStcs
=
4√
piΩK
Σg
Σd
min
(
1,
9λmfp
4a
)
. (25)
2.6. Initial Conditions and Numerical Methods
We adopt the MMSN model for the initial gas surface
density,
Σg = Σg,0
( r
1au
)− 32
, (26)
where Σg,0 = 1700 g cm
−2 at r = 1 au is taken from
the original value introduced in Hayashi (1981). The
initial dust surface density is Σd,0 = Σg,0/100, which is
adopted from the interstellar dust-gas ratio. We follow
the collisional growth of dust grains that have the initial
radius of a = 1 × 10−4cm, which is the same order of
magnitude as the typical size of interstellar dust grains.
The simulation domain covers a region from 0.01 au
to 300 au, which is resolved by 255 grid points. The
grid spacing, ∆r, is proportional to log(r). The surface
density of the gas is updated by solving eq. (1) in a
time-implicit manner. The initial total mass of the gas
component is ≈ 0.04M.
We solve eqs. (7) and (14) to update the surface den-
sity of the solid component and the peak-mass in a time-
explicit manner. We consider icy dust grains in this pa-
per and assume Σd = 0 inside r < 1.5 au throughout the
time evolution, whereas we do not treat detailed prop-
erties of the snowline (Oka et al. 2011) for simplicity. In
addition, unless we do not take into account the frag-
mentation of collisionally grown particles, mp rapidly
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increases because of the accelerated coagulation in r . 1
au in an unrealistic manner (Birnstiel et al. 2010; Sato
et al. 2016). This is also a reason why we set Σd = 0 in
r < 1.5 au to avoid unphysically rapid growth of dust
grains.
We also assume Σd = 0 outside r > 200 au to avoid
the effect of the outer boundary on the surface density
profile of the dust component. The initial total mass of
the dust component is ≈ 103ME, where ME is the Earth
mass.
We calculate the time evolution of Σg, Σd, and mp for
different sets of the 3 parameters, the turbulent viscos-
ity, αrφ, the mass loss by the MDW, Cw, and the MDW
torque, αφz. The employed values are summarized in
Table 1.
3. RESULTS
3.1. MRI active (αrφ = 8× 10−3) cases
In this section, we present results of the MRI active
cases with αrφ = 8 × 10−3. Figure 1 compares the ra-
dial profiles of of various physical quantities of the case
without MDW (STb+NM+ZTq) at t = 0, 104, 105, and
106 yrs. The top panel shows that the surface density
of the gas, Σg, decreases with time by viscous accretion.
The gas pressure at the midplane, P , (middle panel) as
well as Σg keeps a decreasing trend with r, which leads
to the inward drift of solid particles (eqs. 10 & 11).
The decrease of the dust surface density, Σd, is more
significant in an inside-out manner (top panel of Fig-
ure 1); Σd is excavated in r . 30 au at t = 104 yr and
. 150 au at 105 yr, respectively. This is because dust
grains at smaller r reach the drift limited state from
earlier times. The dust grains are initially well cou-
pled to the gas because St < 10−3 in the entire region
(bottom panel of Figure 1), and therefore tgrow < tdrift.
The growth of dust grains is more rapid in the inner
region because tgrow ∝ Ω−1K (eq. 25). The increase of
St with the dust growth reduces tdrift (∝ St−1 for St
 1; eq. 13). Eventually tdrift ≈ tgrow at St ≈ 0.1, and
finally, dust particles drift inward rapidly before grow-
ing to further larger bodies; the growth of solid particles
are limited by the radial drift (bottom panel of Figure
1; Okuzumi et al. 2012; Sato et al. 2016, see also Sec-
tion 3.3.2).
Readers may notice an upward bend of St near the
inner edge of the dust disk at t = 104 and 105 yr. Inside
this point the solid particles are in the Stokes regime.
However, they are still subject to the inward drift and
do not overcome the radial drift barrier.
Figure 2 shows the case with the mass loss by MDWs
(STb+WM+ZTq). The top panel shows that Σg de-
creases slightly faster particularly in the inner region
by the MDW than Σg of the case without MDWs (Fig-
ure 1). However, the difference of Σg between the two
cases is not so significant because the evolution of the
gas is mainly controlled by the strong accretion owing
to the large αrφ.
Because the time evolution of Σg of Figure 1 is similar
to that of Figure 2, the properties of the solid component
also follow the similar trend. The mass loss of solid
particles by the gaseous MDWs is not effective in both
cases. Substituting Cw = 2×10−5 into eq. (8) shows that
dust grains should be tightly coupled with St . 10−5 at
the midplane in order to be entrained by the MDW.
In the inner region where the effect of the MDWs is
significant dust grains grow rapidly beyond St > 10−5.
Therefore, most of the solid particles are not lost with
the MDWs but left in the disk and eventually accrete to
the central star.
The results presented in Figures 1 & 2 indicate that
the collisional growth cannot proceed to form planetes-
imals in the MRI-active condition with αrφ = 8× 10−3,
whether or not the gas is lost via MDWs. This is be-
cause the evolution of the gas component is mainly de-
termined by the accretion. As a result, the solid parti-
cles inevitably drift inward when they grow to St ≈ 0.1.
Although in these cases we do not consider the MDW
torque, it does not affect so much the overall evolution of
Σg because the accretion is induced dominantly by the
turbulent viscosity. Smaller αrφ is required to overcome
the radial drift barrier.
3.2. MRI inactive (αrφ = 8× 10−5) cases
In this subsection, we examine the time evolution of
MRI inactive cases with MDWs. We focus particularly
on the evolution of the three cases with the mass loss by
MDWs (WTb+WM+XTq cases in Table 1) that adopt
different models of the wind torque (zero / constant
/ Σ-dependent torque). In addition to these 3 cases,
we also performed cases without mass loss by MDWs
(WTb+NM+XTq in Table 1). They are not displayed
in figures because most of the solid particles fall into
the central star by the radial drift, similarly to the MRI
active cases.
Figure 3 presents the results of the case with
weak turbulence + wind mass loss + zero-torque
(WTb+WM+ZTq). The top panel shows that the
mass loss by the MDW plays an effective role; the radial
profile of Σg largely deviates from the initial power-law
profile in r . 3 (10) au at t = 105 (106) yr.
The top panel of Figure 3 also shows that although
the time evolution of Σd up to 10
5 yr is similar to that
of the strong turbulent cases (Figures 1 and 2), there is
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Table 1. List of adopted parameters. The second right column shows the result of the dust
growth to St > 1. The right column indicates the corresponding figure number. We use following
abbreviations: STb = strong turbulence, WTb = weak turbulence, NW = no wind mass loss, WM
= with wind mass loss, ZTq = zero-torque, CTq = constant torque, and STq = Σ-dependent torque.
Case αrφ CW αφz,0 Growth ? Corresponding Figure
STb + NM + ZTq 8.0× 10−3 0.0 0.0 No 1
STb + WM + ZTq 8.0× 10−3 1.0× 10−5 0.0 No 2
WTb + NM + ZTq 8.0× 10−5 0.0 0.0 No -
WTb + NM + CTq 8.0× 10−5 0.0 1.0× 10−4 No -
WTb + NM + STq 8.0× 10−5 0.0 1.0× 10−5 No -
WTb + WM + ZTq 8.0× 10−5 1.0× 10−5 0.0 Yes 3
WTb + WM + CTq 8.0× 10−5 1.0× 10−5 1.0× 10−4 No 4
WTb + WM + STq 8.0× 10−5 1.0× 10−5 1.0× 10−5 Yes 5
a region where dust particles are piled up near the inner
edge (r = 1.5 au) of the dust disk at 106 yr.
The bottom panel of Figure 3 shows that the size of
the dust particles grows up to 1 km, which is the upper
cap in our setting, at t = 1 Myr in a ring-like region
of Σd in r . 3 au (top panel). St goes beyond > 1 at
that time, which is in contrast to St ≈ 0.1 at the earlier
times of t = 0.01 and 0.1 Myr when the growth of solid
particles are still constrained by the radial drift. We
can conclude that dust particles get over the radial drift
barrier in this case. A key to the dust growth against
the radial drift barrier is to achieve St > 1, which we
explain in more detail later (Section 3.3).
In the constant torque case (WTb+WM+CTq), the
mass accretion by the turbulent viscosity is as weak as
the zero-torque case. However, the top panel of Figure 4
shows that Σg in the inner region is not so low as that
obtained in Figure 3 because the gas is supplied by the
wind-driven accretion. As a result, the gas pressure does
not show a local maximum but monotonically decreases
with r. Dust grains suffer inward radial drift before
growing to St & 1.
In the Σ-dependent torque case (WTb+WM+STq),
the evolution of Σg exhibits intermediate behavior be-
tween the previous two cases as shown in the top panel
of Figure 5. Σd (top panel) shows a ring-like structure,
and the solid component grows beyond St > 1 to reach
the upper bound of a = 1 km (bottom panel). How-
ever, contrary to the zero-torque case, this case does
not show a local maximum of the gas pressure (middle
panel); a pressure bump is not a necessary condition to
form a local concentration of dust grains and the subse-
quent growth of solid particles. This issue is explained
in more detail in Section 3.3.
A difference of Σd between the ZTq and STq cases
(Figures 3 and 5) is the width of the ring-like region of
the solid component. The top panel of Figure 3 shows a
wider ring with high Σd at t = 1 Myr because the pres-
sure maximum moves outward. Since the dust particles
drift outward in the inner side of the pressure bump,
the ring with high Σd expands outward. As discussed in
Section 4.2, however, this outward migration of grown
dust particles could be suppressed if an effect of the
backreaction from dust to gas is considered.
3.3. Conditions for Dust Growth
We have shown the five different cases in Figures
1 – 5. Initial small dust grains successfully grow to
planetesimal-size objects in two cases, while in the other
three cases most of the solid particles fall onto the cen-
tral star by the inward radial drift. In particular, the
three MRI inactive cases shows that a small difference
of the evolution of Σg sways the fate of the growth of
dust grains. We explore conditions for the dust growth
against the radial drift barrier by examining these three
cases.
Figure 6 presents the radial profiles of various phys-
ical quantities of these three MRI inactive cases. The
left (WTb+WM+ZTq) and middle (WTb+WM+STq)
panels correspond to the cases with the successful dust
growth. In these cases, the snapshots are taken at the
onset time, t = 1.77 × 105 and 1.86 × 106 yrs, respec-
tively, of the growth of dust particles when the Stokes
number exceeds St = 1 at the inner edge of the dust
disk, r = 1.5 au. We display snapshots at an ar-
bitrary time, t = 2.5 × 105 yrs, for the right panels
(WTb+WM+CTq), which does not yield the significant
growth of the solid component.
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Figure 1. Time evolution of the gas (solid) and dust
(dashed) surface densities (top), gas pressure at the mid-
plane (middle), and the radius (solid) and Stokes number
(dashed) of solid particles (bottom) of the case with strong
turbulence + no mass loss + zero-torque (STb+NM+ZTq).
Each colored line denotes the snapshot at t = 0 (purple), 104
yr (green), 105 yr (light blue), and 106 yr (orange).
3.3.1. Equilibrium Stokes Number
As we explained earlier (Section 3.1), the collisional
growth initially dominates the radial drift of dust parti-
cles, tgrow  tdrift, which we call the growth dominated
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Figure 2. Same as Figure 1 but for the case
with strong turbulence + weak mass loss + zero-torque
(STb+WM+ZTq).
phase. With the growth of dust grains, tdrift (∝ St−1
for St  1) decreases to eventually give tgrow ∼ tdrift.
These features can be seen in the top panels of Figure
6. tdrift  tgrow in the outer region of r & 50 au, which
is still in the initial growth dominated phase. However,
in the region of 2 . r . 50 au, tdrift already approaches
to ≈ tgrow.
We can derive an analytical expression for the Stokes
number in the latter phase of the equilibrium state. Here
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Figure 3. Same as Figure 1 but for the case with weak tur-
bulence + weak mass loss + zero-torque (WTb+WM+ZTq).
we consider solid particles in the Epstein regime with
αrφ  St  1. By equating tdrift of eq. (13) and tgrow
of eq. (25), we obtain St in the equilibrium state,
Steq ≈
√
pi
8
1
η
Σd
Σg
. (27)
3.3.2. St ≈ Steq < 1: Radial Drift
In a typical PPD condition η ∼ 10−3 − 10−2 and
Σd/Σg ∼ 10−3 − 10−2, which give Steq ∼ 0.1 (Birnstiel
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Figure 4. Same as Figure 1 but for the case with
weak turbulence + weak mass loss + constant torque
(WTb+WM+CTq).
et al. 2012; Okuzumi et al. 2012; Sato et al. 2016). The
top panels of Figure 6 also show St ≈ 0.1 in 2 . r . 50
au. (See also St in the bottom panel of Figures 1 – 5 at
t = 105 yr.)
The dust particles with Steq < 1 drift inward before
growing to further larger bodies because tdrift ∝ St−1 for
St < 1 and further growth accelerates the radial drift.
Therefore, these solid particles are in the drift limited
state. Figures 1, 2, and 4 show that the dust particles
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Figure 5. Same as Figure 1 but for the case with
weak turbulence + weak mass loss + Σ-dependent torque
(WTb+WM+STq).
of these three cases (STb+NM+ZTq, STb+WM+ZTq,
and WTb+WB+CTq) suffer the radial drift and that
they do not grow to larger bodies but fall into the central
star at t = 106 yr.
3.3.3. St ≈ Steq > 1: Rapid Growth
The top left and top middle panels of Figure 6 show
that tgrow  tdrift near the inner edge of the solid disk,
r . 2 au, which expects the growth of dust particles
(Figures 3 and 5). In order to inspect this growth dom-
inated state we display the time evolution of various
physical quantities at r = 1.8 au of the three MRI inac-
tive cases in Figure 7.
The top panel of Figure 7 compares the time evolu-
tions of St calculated by the coagulation equation (14)
and equilibrium Steq of eq. (27). In the initial phase
of t < 2 × 103 yrs, St ( Steq) rises up quite rapidly
because the dust particles are in the growth dominated
state tgrow  tdrift in all the three cases (Note that all
the three lines are overlapped).
At t ≈ 2 × 103 yrs the state of the gas drag changes
from the Epstein regime (thick lines) to the Stokes
regime (thin lines) with the increase of particle size, a,
which is indicated by squares. Afterward St (≈ a2 in the
Stokes regime) gradually decreases until t < (2−3)×104
yrs1. This is because smaller particles drift from the
outer region by the radial drift. Therefore, when we
watch solid particles at a fixed point of r = 1.8 au, St is
observed to be decreasing with time.
Since the gas density gradually decreases by the MDW
and the accretion, the mean free path (λmfp ∝ ρ−1g as
shown in Section 2.2) increases with time. As a result,
the gas-solid interaction returns back to the Epstein
drag at t ≈ (2 − 3) × 104 yrs (shown by circles). Af-
ter that time, the solid particles are in the equilibrium
state of St ≈ Steq.
In all the three cases, St (≈ Steq ∝ η−1(Σd/Σg);
eq. 27) gradually increases because η decreases and
Σd/Σg increases (middle panel of Figure 7) , which
will be also discussed in Section 3.3.4. However, St
(≈ Steq) of the purple (WTb+WM+ZTq) and green
(WTb+WM+STq) lines start to deviate upward from
the light blue (WTb+WM+CTq) line. In these two
cases St finally jumps up beyond unity.
For St > 1, the radial velocity of solid particles follows
vd,r ∝ St−1 (see eq. 10 and Section 2.3). Therefore, the
growth of solid particles with St > 1 slows down the
inward radial drift. If a region with St > 1 is formed
locally, it accumulates solid particles that drift inward
from the outer part of a PPD. This enhances the dust
density there. The local enhancement of Σd causes the
faster growth of solid particles (eq. 24). In summary,
an increase of St finally leads to a further increase of
St once St exceeds unity; a positive feedback sets in to
trigger the growth of solid particles.
1 We note that the solid particles are in the drift limited state
with the Stokes drag force during t ≈ 2×103−3×104 yrs, although
St is considerably larger than Steq during most of the period. The
reason why St > Steq is that Steq is derived for the Epstein drag.
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Figure 7. Time evolution of various physical quan-
tities at r = 1.8 au for the case with WTb+WM+ZTq
(purple), WTb+WM+STq (green), and WTb+WM+CTq
(blue). (top): Stokes number (solid lines) and equilibrium
Stokes number (dashed lines). Squares indicate the transi-
tion of the gas drag from the Epstine regime to the Stokes
regime; circles correspond to the transition from the Stokes
regime to the Epstine regime. The period during the solid is
in the Stokes regime is drawn by narrower lines. (middle):
Dust-to-gas surface density ratio (solid lines; left axis) and η
(dashed lines; right axis). (bottom): ∂2 lnP/∂(ln r)2 (eq. 31).
The purple and green lines in the upper and middle
panels of Figure 7 clearly show this behavior. After
St exceeds unity, Σd/Σg jumps up irrespective of the
evolution of η. The accumulation of the solid forms the
ring-like structures seen in Figures 3 and 5.
3.3.4. Requirements for St ≈ Steq > 1
We have shown that the key for drifting particles to
reach the growth dominated state is to achieve Steq &
1 in the equilibrium state. Since Steq ∝ η−1(Σd/Σg)
(eq. 27), smaller η and larger Σd/Σg favor larger Steq.
The middle panel of Figure 7 shows that η de-
creases with time because the MDW disperses the gas
in an inside-out manner to reduce the outward pres-
sure gradient (Figures 3–5). In particular, the two
successful cases (purple and green lines) show a more
rapid drop of η to give larger Steq than the unsuc-
cessful case (light blue line). The consistent trend is
obtained for the snapshot radial profile of η in Fig-
ure 6; the third left (WTb+WM+ZTq) and third middle
(WTb+WM+STq) panels show that η deviates down-
ward from the initial profile ∝ r1/2 and gives quite small
η < 10−3 in r . 2 au. The left case even exhibits η < 0
inside r = 1.18 au because of the pressure bump.
Although the dust-to-gas ratio, Σd/Σg, initially drops
from the initial value of 10−2 to . 10−3 by the radial
drift, Σd/Σg slowly rises after t & 3 × 104 yrs (middle
panel of Figure 7). Σd/Σd of the two successful cases
(purple and green lines) increases more rapidly to >
10−3, which also contributes to reaching St (≈ Steq)
> 1.
From these arguments, we can obtain a condition to
trigger the subsequent growth of solid particles in the
drift limited state with St & 0.1,
Σd/Σg & η. (28)
The middle panel of Figure 7 demonstrates that the
solid line (Σd/Σg) of the two successful cases (purple
and green) overtakes the corresponding dashed line (η),
while this does not occur in the unsuccessful case (light
blue). We can conclude that eq. (28) is a reasonable cri-
terion to reach the growth dominated phase. Although
eq. (28) is a rearranged expression of Steq & 1 with
eq. (27) apart from the numerical factor, eq. (28) is im-
portant as an independent condition because eq. (27) is
valid only for St 1 in a strict sense. Our numerical cal-
culations have confirmed that 1η
Σd
Σg
is a useful indicator
even for relatively large St∼ 1.
After St (≈ Steq) of WTb+WM+CTq (light blue)
slowly increases up to ≈ 0.35 at t ≈ 3 × 105 yrs (top
panel of Figure 7), St decreases with Σd/Σg after that
time (middle panel). This is because the dust grains that
New growth mechanism of dust grains in PPDs with MDWs 13
are initially located at the outer boundary of r = 200 au
already reach r = 1.8 au at this time by the radial drift
and the mass supply from the outer region ceases after-
ward. If the initial radius of the dust disk was larger
than the current setup, this case could also reach the
growth dominated state of solid particles at a later time.
We have explained that both the decreasing η and in-
creasing Σd/Σg play important roles in obtaining Steq &
1 in the two cases with the significant dust growth. The
small η is a characteristic consequence of the inside-out
evacuation of the gas by the MDW. On the other hand,
it is not straightforward to understand the increase of
Σd/Σg. While we discussed that the positive feedback
loop inevitably enhances Σd/Σg for St > 1, the require-
ment here is to accumulate solid particles with St < 1,
which we consider below.
3.3.5. Dust Accumulation under St < 1
Let us introduce the radial mass flux of dust particles:
M˙d = 2pirΣdvd,r, (29)
where M˙d < 0 when dust particles drift inward. When
∂M˙d/∂r < 0 at a single annulus in a disk, the net mass
flux into this annulus is positive so that Σd increases
there. We derive an analytic expression that gives this
condition for the local pile-up of dust particles below.
Let us consider dust particles in the drift limited state
with St ≈ 0.1 (Figure 6 and Section 3.3.2). When St is a
constant, vd,r is controlled only by the the gas pressure
profile so that we have (see eq. (B16) of Appendix B)
M˙d ∝ (rΣd)∂ lnP
∂ ln r
, (30)
where we here used the radial dependence of the gas
temperature, T ∝ r−1/2, of the MMSN.
If we adopt a power-law dependence of Σd ∝ r−qd in
eq. (29), the condition for the accumulation, ∂M˙d/∂r <
0, reads (see Appendix B for the derivation),
∂2 lnP
∂(ln r)2
< (qd − 1)∂ lnP
∂ ln r
. (31)
In the drift limited phase, the radial dependence of Σd
tends to approach to the steady state value, qd = 1
(Birnstiel et al. 2012, see also Appendix B), which gives
a practical criterion,
∂2 lnP
∂(ln r)2
< 0, (32)
to create a local concentration of dust particles; the con-
vex upward profile of P drives converging dust flows.
We show the radial profile and the time evolution of
∂2 lnP
∂(ln r)2 in the bottom panels of Figure 6 and the bottom
panel of Figure 7, respectively. These figures illustrate
that the WTb+WM+NTq and +STq cases give small
∂2 lnP
∂(ln r)2 ≈ −2 at r ∼ 1.5− 2 au, which can induce strong
convergent dust flux. On the other hand, ∂
2 lnP
∂(ln r)2 (> −1)
of the WTb+WM+CTq case is not so small as those
of the two cases, and therefore, the excited convergent
flows are too weak to proceed subsequent growth of solid
particles.
An important point is that a pressure bump struc-
ture, which corresponds to the position of ∂P/∂r = 0,
is not necessarily required to excite strong convergent
dust flux, which is driven by negative ∂2P/∂r2. Fig-
ure 6 shows that η > 0 in the entire region of the
WTb+WM+STq case (middle column), namely there is
no local maximum of the gas pressure. This case clearly
demonstrates that dust particles can be piled up by the
strong converging flux even without any pressure bump.
The WTb+WM+NTq case (left column of Figure 6)
also illustrates that the location (r ≈ 1.5 au) of the
solid concentration does not coincide with the pressure
bump at r = 1.18 au.
3.3.6. Summary of Dust Growth
We summarize the overview of the mechanism for the
growth of solid particles in Figure 8. The dust growth
consists of two steps: (1) Converging dust flux gradually
forms a local concentration of solid particles by the sup-
ply of radially drifted dust grains from the outer region
with the increase of their St ≈ Steq ∝ 1η ΣdΣg (Sections
3.3.4 and 3.3.5): (2) Once St (≈ Steq) & 1, the unstable
growth mode of solid particles sets in by the positive
feedback (Section 3.3.3).
We point out that the step (1) could be accomplished
by different processes from the MDW, provided that
they create a region with small η and large Σd/Σg in a
drift limited region. We discuss other possibilities that
can trigger unstable dust growth in Section 4.5.
We would like to claim that our new growth mecha-
nism is different from those proposed previously. In our
process, all the dust grains firstly experience the drift
limited state. After that, part of them switch to the
growth dominated state in the Epstein regime. These
features are in contrast to the mechanism introduced by
Okuzumi et al. (2012), in which fluffy dust grains skip
the drift limited phase and directly enter the growth
dominated phase in the Stokes regime. Our mechanism
is also different from that driven by the backreaction
from dust to gas that decelerates the radial drift of dust
grains (Drazkowska et al. 2016; Gonzalez et al. 2017).
3.4. Total mass of solid component
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Figure 8. Schematic illustration of our new growth mechanism of dust particles. (left): Solid particles are in the drift
limited state with St ∼ 0.1. They are eventually accumulated at the location where P has a convex upward radial profile.
Simultaneously St ≈ Steq gradually increases by the increase of Σd/Σg and the decrease of η. (right): Solid particles in the
inner part of a PPD enter the growth dominated phase. When Σd/Σg & η, i.e., St ≈ Steq & 1, a positive feedback loop among
St, Σd, and vd,r triggers the subsequent growth of dust particles.
We inspect how much fraction of the initial solid mass
(103ME between 1.5 au and 200 au) survives in the cal-
culated disks. The dust grains are dispersed via (1) the
radial drift to the central star and (2) the upward en-
trainment by MDWs. We found that in all the eight
cases the former dominates the latter, because in the in-
ner region where the effect of the MDW is most promi-
nent the dust grains grow so rapidly that they are too
large to be dragged upward.
Figure 9 presents the time evolution of the total solid
mass left in the computational domain of all the cases
tabulated in Table 1. The time evolutions can be clas-
sified into three types: (i) MRI-inactive cases that show
significant dust growth (solid lines), (ii) MRI-inactive
cases without significant dust growth (dashed lines), and
(iii) MRI-active cases without significant dust growth
(dot-dashed lines). In type (i), when the subsequent
dust growth sets in at the inner edge of the solid disk,
there is ∼ 4% numerical error, which appears as a spike
at t ≈ 2× 105 yrs.
Figure 9 shows that in types (ii) and (iii) most of the
initial solid mass is lost at t = 106 yrs because of the
radial drift. On the other hand, the two cases of type (i)
leaves the solid mass of ∼ 40 – 45ME in the disk. The re-
mained mass is determined by the time when St exceeds
≈ 1 in the local dust concentration formed near the in-
ner edge. This is because, while before that time all the
solid particles drift inward to the central star, after that
time they are captured by the ring-like concentration of
the solid component. As shown in Figure 7, St reaches
≈ 1 at slightly earlier time in the WTb+WM+ZTq case
(red solid line) than in the WTb+WM+STq case (blue
solid line). Therefore, the former case leaves the slightly
larger solid mass.
The remained mass of 40− 45ME is sufficient to bear
the total solid component in the planets of the solar sys-
tem and probably a sizable fraction of exoplanetary sys-
tems. The sufficient gaseous mass is also considered to
remain to form gas giants when the subsequent growth
of dust grains occurs at t ≈ 2× 105yrs.
4. DISCUSSION
We assumed several approximations when we solved
the coagulation equation of solid particles and the evo-
lution of Σg and Σd. We discuss limitations of our
treatment and processes that are not considered in Sec-
tions 4.1- 4.5. We also discuss observational implications
in Section 4.6.
4.1. Uncertainty of Parameters
We solved the evolution of the gas component by the
simple model of eq. (1) with the three parameters, αrφ,
αφz, and Cw.
αrφ is mainly determined by the ionization degree
(Sano et al. 2000; Hirose & Turner 2011; Mori &
Okuzumi 2016). Although we assumed a constant αrφ,
in realistic situations αrφ varies with r because an MRI-
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Figure 9. The time evolution of the total mass normal-
ized by ME of the solid component in the computational
domain. The two MRI active cases (STb+XM+ZTq) are
plotted together by a purple dot-dashed line because the dif-
ference between the two cases is less than 1%. The four
MRI inactive cases (WTb+NM+XTq & WTb+WM+CTq)
that do not show the subsequent growth of solid particles are
also plotted together by a green dotted line. The red solid
and blue solid lines denote the cases of WTb+WM+Ztq and
WTb+WM+STq, respectively.
inactive dead zone is formed (Gammie 1996; Sano &
Miyama 1999). In this case pressure bumps could be
created at the edges of the dead zone (Lyra et al. 2008;
Suzuki et al. 2010; Dzyurkevich et al. 2010) and dust
grains could grow into larger bodies there. The wind
torque, αφz, may also have a large uncertainty concern-
ing non-ideal MHD effects (Bai 2017).
The mass loss, Cw, by the MDW also contains uncer-
tainties. Suzuki et al. (2016) argued that Cw could be
constrained by the released gravitational energy through
the accretion, which reduces Cw in the inner region.
However, this constraint can be loosened if the energy
is supplied by external heating owing to the irradiation
from the central star. Therefore, we adopted the sim-
plest situation of constant Cw in the present paper.
4.2. Backreaction on Gas
We solved the main equations neglecting the backre-
action from dust to gas. However, the backreaction is
important when the dust-to-gas ratio is high & 0.1 (Nak-
agawa et al. 1986). If the backreaction is included, the
radial velocity of solid particles is modified as
vd,r ≈ −2St
(1 + ρd/ρg)2 + St
2 ηvK, (33)
where ρd is volumetric density of dust grains. This equa-
tion indicates that the drift speed is reduced for a large
dust-to-gas ratio irrespective of the direction of vd,r.
Therefore, once dust grains are accumulated, the radial
drift is suppressed, which further supports the growth
of dust particles.
The suppression of vd,r is more severe for a higher
dust-to-gas ratio. Figures 3 and 5 show the ring with
high Σd/Σg > 1. In such a situation, the outward mi-
gration of large solid particles, which is seen in Figure 3,
will not occur in realistic situations with the backreac-
tion. Instead, the ring-like structure would stay at the
same place for a rather long time.
The backreaction also affects the profile of gas density.
Taki et al. (2016) found from their local simulations that
the dust accumulation at a pressure bump flattens the
radial profile of the gas by the redistribution of the angu-
lar momentum between the dust and the gas through the
backreaction. The profile of Σg would be also flattened
by the backreaction on the gas in the WTb+WM+ZTq
and WTb+WM+STq cases (Figures 3 and 5). However,
this does not severely affect the onset of the subsequent
growth of dust particles because it is triggered for small
Σd/Σg < 10
−2 (middle panel of Figure 7). It is worth
estimating the dust-to-gas mass ratio, ρd/ρg, because it
is more directly related to dust-gas interactions. ρd/ρg
at the midplene can be derived from eqs. (2) and (15)
as
ρd
ρg
=
(
Σd
Σg
)(
1 +
St
αrφ
1 + 2St
1 + St
)1/2
, (34)
where we used ρd = Σd/(
√
2pihd). We employ the typi-
cal values, Σd/Σg ≈ 10−3, αrφ = 8× 10−5, and St ≈ 1,
which are taken from the onset time of the dust growth
(Figure 7), and then we obtain ρd/ρg ∼ 0.1 at the mid-
plane.
The modification of the gas density profile again sup-
presses the saturation level of dust density for ρd/ρg & 1,
which is also confirmed in a 2D global simulation (Kana-
gawa et al. 2018). Although a spike of Σd is seen at the
outer edge of the growth dominated region in the middle
panel of Figures 3 and 5, it would be smoothed out in
realistic situations with the backreaction on the gas.
4.3. Fragmentation
Although we do not consider the effect of collisional
fragmentation in Equation (14), it is effective for high
speed collisions. Collisional coagulation of dust grains
generates dust aggregates. The critical collisional frag-
mentation velocities vcr for dust aggregates are investi-
gated with N -body simulations (Wada et al. 2013). The
critical velocities are estimated to be 60-80 m/s for icy
dust and 6-8 m/s for silicate dust, whereas vcr is still very
uncertain and it is reported that vcr could be as fast as
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50 m/s (Kimura et al. 2015; Steinpilz et al. 2019). Here
we estimate the collisional velocity in our calculations
to be compared with the critical velocities.
During dust growth, the relative velocities have max-
imum values at St ≈ 1. Successful dust growth takes
place in the region with small η. Turbulence mainly de-
termines the relative velocities because the radial drift
is negligible there. The maximum velocities arising from
the turbulence are estimated to be ∼ √αcs from eq. (22)
with St1 ≈ 1. For the cases with successful dust growth,
where the turbulence is weak, the maximum turbulent
velocity is ∼ 9(r/1 au)−1/4 m/s, which is much slower
than the critical velocity for icy aggregates.
In the present calculations we fix Σd = 0 inside the
snowline to avoid the treatment of silicate dust (Sec-
tion 2.6). However, if we take into account collisional
fragmentation properly, we may handle the evolution of
the solid component in r < 1.5 au.
4.4. Hydrodynamical Instabilities
In this paper, we do not solve hydrodynamical equa-
tions directly. PPDs that evolve with MDWs, how-
ever, potentially drive hydrodynamical instabilities by
the modification of the profile of density and gas pres-
sure.
It is well known that an axisymmetric rotational in-
stability, which is called “Rayleigh’s criterion”, occurs
when κ2(r) < 0, where κ(r) is the epicyclic frequency
(Chandrasekhar 1960). When the radial profile of the
gas pressure has a narrow (strong) pressure bump, its
inner side may break this condition.
In addition, when the radial profile of vortensity has a
local minimum, Rossby-wave instability (RWI), which
is a type of non-axisymmetric hydrodynamical insta-
bilities in differentially rotating disks, sets in (Lovelace
et al. 1999; Ono et al. 2016, 2018). The instability crite-
rion can be fulfilled even for a shallower slope of the gas
pressure than that for the Rayleigh’s criterion. There-
fore, the MDW possibly favors the RWI in PPDs. The
RWI forms large anticyclonic vortices, which collects
dust particles because it is a non-axisymmetric pressure
bump (Lyra et al. 2009).
4.5. Pressure Bump
Various potential mechanisms have been proposed to
form a pressure bump in PPDs because it is favorable
sites for the formation of planetesimals (e.g., Johansen
et al. 2014). Inhomogeneous mass accretion rate with
radial distance possibly creates a pressure bump at the
inner edge of an MRI dead-zone (Lyra et al. 2008) and
at the H2O snow line (Kretke & Lin 2007) (see also
Section 1).
We demonstrated that a pressure bump is not
necessarily required but a convex upward profile,
∂2 lnP/∂(ln r)2 < 0, can pile up dust particles to trig-
ger the subsequent growth to larger solid bodies. In
other words, our work loosens the condition for the
planetesimal formation.
4.6. Implication for Observation
Figures 3 and 5 presented the ring with high Σd at
r ∼ 1.5 − 2 au. We should note that the obtained ring
can not be directly compared to rings observed in PPDs
by ALMA (e.g., ALMA Partnership et al. 2015; Andrews
et al. 2018b) because the solid component already grows
to 1 km (the upper limit in our setting), which is not
observed by millimeter/sub-millimeter wavelength. In
reality, however, the collisional fragmentation generates
small dust grains that can be observed by ALMA.
The obtained rings are a possible source to supply
crystalline materials to the outer disk. Crystalline
materials are detected at the outer surface layer of
transitional/pre-transitional disks. For instance, HD
100546 and HD 142527 are Herbig stars which have a
circumstellar disk with a large gap or an inner cavity. A
large amount of crystalline forsterite is detected around
r ≈ 13-20 au of the disk in HD 100546 system (Mulders
et al. 2011). The crystalline water ice is also detected
in the outer disk, r ≥ 146 au around HD 142527 (Min
et al. 2016).
An in-situ formation model cannot explain a large
amount of these crystalline materials because the tem-
perature in the outer region is too low to crystallize
amorphous materials. Therefore an additional heating
mechanism or additional supply of crystalline materials
is required.
The crystalline dust particles formed by the collision
between planetesimals is one of the promising reservoirs
of the detected crystalline materials (Bouwman et al.
2003). Planetesimals can be heated enough to crystallize
due to their accretion processes or disintegration of ra-
dioactive nucleus. The collisional cascade of these plan-
etesimals supplies a large amount of crystalline dust par-
ticles. If a planetesimal ring is located in a gas starved
region like an inner gap or an inner cavity, the crystalline
dust particles are carried to the surface of the outer disk
by the radiation pressure from the central star.
We suggest that MDW-dominated disks naturally
serve suitable conditions to produce crystalline materi-
als. The MDW disperses the gas component from inside
to outside with leaving a planetesimal ring with high
Σd/Σg in the inner region, as shown in Figures 3 and 5.
Such a dense ring has a high collision rate between plan-
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etesimals and supplies a large number of small particles
even though there is no strong perturber.
5. CONCLUSIONS
We investigated the evolution of dust grains in PPDs
with the MDWs. We calculated the evolution of the sur-
face densities of the dust and gas components in PPDs
under the 1+1 D (time + radial distance) approximation
in various conditions of turbulent viscosity, the mass loss
by the MDW, and the magnetic braking by the MDW.
We simultaneously solved a coagulation equation of solid
particles under a single-size approximation with neglect-
ing the effect of collisional fragmentation.
When the mass accretion by turbulent viscosity is
efficient, most of the dust particles fall onto the host
star before growing to the sufficiently large bodies even
though the MDW is taken into account. The radial drift
barrier is still a severe problem in PPDs governed by vis-
cous accretion.
In contrast, however, if the mass accretion is moder-
ately weak and the mass loss by the MDW is relatively
important, the radial dependence of the gas pressure
is largely altered from the initial power-law profile by
the MDW. While all the dust grains drift inward to the
central star, they are locally accumulated around the lo-
cation of the minimum ∂2 ln p/∂(ln r)2(< 0) because the
dust flux is converging there. When Σd/Σg & η in the
drift limited state, St ≈ Steq & 1, and then, the dust
particles rapidly grow to planetesimal-sized objects by
the positive feedback between the reduced radial drift
and the accelerated collisional growth.
Once the dust grains reach the growth dominated
phase, the mass loss of the solid component ceases from
a PPD because the inward drift is halted at the ring
of the solid concentration that is formed near the inner
edge, r = 1.5 au, of the dust disk. The amount of the
dust mass that is left in the disk is regulated by the
time when St of the solid particles that constitute the
ring exceeds unity. This timing is determined by the
combination of αrφ, αφz, and Cw. The dependence on
these parameters will be clarified in future studies.
This new growth mode of dust grains will be a promis-
ing mechanism for the formation of planetesimal. Plan-
etesimals formed by this process are distributed in a
ring-like region with a clear inner edge. The position of
the planetesimal ring is supposed to determine the final
outcome of the planetary system. From observed orbital
properties of exoplanets, we may infer the parameters of
the MDW and turbulent viscosity of the PPDs.
In addition, Σd of the ring region is much higher than
the typical value of the MMSN model. This implies
the accelerated formation of protoplanets; the rapid for-
mation of gas-giant and inner rocky planets is further
anticipated. It would be important to study the planet
formation in such local concentrations of planetesimals.
The authors thank Michiel Min, Douglas N. C.
Lin, Sanemichi Z. Takahashi, and Eiichirou Kokubo
for fruitful discussion. This work was supported by
Grants-in-Aid for Scientific Research from the MEXT
of Japan, 17H01105, 17K05632, 17H01103, 18H05436,
and 18H05438. A part of simulations was carried out on
PC cluster at Center for Computational Astrophysics,
National Astronomical Observatory of Japan.
APPENDIX
A. SINGLE SIZE APPROXIMATION
The collisional evolution of the surface number density, ns(m, r), of bodies with mass m that rotate around a host
star at r is governed by (e.g., Kobayashi et al. 2010)
∂mns(m, r)
∂t
=
∫ ∞
0
dm1
∫ ∞
0
dm2ns(m1, r)ns(m2, r)×K(m1,m2)g(m,m1,m2)m1
−mns
∫ ∞
0
dm2ns(m2, r)K(m1,m2)− 1
r
[mrns(m, r)vd,r]−
∫ ∞
0
m
ns(m, r)√
2pihd
csDwdm, (A1)
where the first and second terms on the right-hand side are the contributions from collision, the third term denotes
radial drift, and the fourth term indicates the mass loss dragged by MDWs. Here, the collisional kernel between bodies
with masses m1 and m2, K(m1,m2), is given by (Okuzumi et al. 2012)
K(m1,m2) =
pi(a1 + a2)
2∆vp,1,2√
2pi[hd(m1)2 + hd(m2)2]
, (A2)
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where g(m,m1,m2)dm is the number of bodies with masses ranging from m to m+dm produced from a single collision
between m1 and m2 (e.g., Kobayashi & Tanaka 2010), vd,r is the radial drift velocity, ∆vp,1,2 is the relative velocity
of bodies with masses m1 and m2, and hd is the scale height of solid grains.
We use g(m,m1,m2) = δ(m−m1 −m2) for perfect sticking. Integrating Eq. (A1) over m, we have
∂Σd
∂t
=−1
r
∂
∂r
[rΣd〈vd,r〉]− cs√
2pi
〈
Dw
hd
〉
Σd, (A3)
where
Σd =
∫ ∞
0
dmmns(m, r), (A4)
〈vd,r〉= 1
Σd
∫ ∞
0
dmvd,rmns(m, r), (A5)
and 〈
Dw
hd
〉
=
1
Σd
∫ ∞
0
dm
Dw
hd
mns(m, r). (A6)
Here 〈〉 indicates the mass-weighted average. In Eq. (A3), the collisional terms are canceled out.
Multiplying Eq. (A1) by m, integrating it over m, and we then have
∂〈m〉Σd
∂t
= 〈K〉Σ2d −
1
r
∂
∂r
[r〈mvd,r〉Σd]− cs√
2pi
〈
mDw
hd
〉
Σd, (A7)
where
〈m〉 = 1
Σd
∫ ∞
0
dmm2ns(m, r), (A8)
〈mvd,r〉 = 1
Σd
∫ ∞
0
dmvd,rm
2ns(m, r), (A9)
〈K〉 = 1
Σ2d
∫ ∞
0
dm1
∫ ∞
0
dm2m1ns(m1, r)×m2ns(m2, r)K(m1,m2), (A10)
and 〈
mDw
hd
〉
=
1
Σd
∫ ∞
0
dm
mDw
hd
mns(m, r). (A11)
If we assume
〈m〉〈vd,r〉 = 〈mvd,r〉, (A12)
〈m〉
〈
Dw
hd
〉
=
〈
mDw
hd
〉
, (A13)
〈K〉 = 2
√
pia2
hd
∆vpp, (A14)
and the averaged values are given by the values for mp, such as 〈m〉 = mp and 〈vd,r〉 = vd,r(mp), Eq. (A3) is then
reduced to Eq. (7). Eqs. (A3) and (A7) are then reduced to Eq. (14). The averaged collisional kernel in Eq. (A14) is
determined by the collisional cross section and relative scale height between bodies with same mass mp, while ∆vpp is
the relative velocity between bodies with St(mp) and St(mp)/2 (Sato et al. 2016). Eqs.(A12) and (A14) are valid not
only for the single size population but also for the growth until the onset of runaway growth (e.g., Kobayashi et al.
2016). Readers may find similar discussion in Sato et al. (2016).
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B. DERIVATION OF CONDITION FOR DUST SURFACE DENSITY ENHANCEMENT
In this section, we derive the condition for the accumulation of solid particles by converging flow, which plays an
important role in dust grains to reach the growth dominated phase. We assume that the dust particles are in the drift
limited phase of St ≈ 0.1 and that the surface density has a power-law profile of Σd ∝ r−qd .
The dust mass flux is written as
M˙d = 2pirΣdvd,r, (B15)
where in the drift limited state the radial accretion speed of gas is generally much slower than the drift velocity of dust
from gas, and therefore, we can safely neglect vg,r in eq. (10). We use cs = cs,0(r/r0)
−qT /2, and vK = vK,0(r/r0)−1/2,
where qT is the power-law index of the temperature profile, as T = T0(r/r0)
−qT , and r0 = 1 au. We normalize r, Σd,
and P by r0, Σd,0, and P0, respectively. Σd,0 and P0 are the dust surface density and the gas pressure at r = r0.
Then, we obtain
M˙d = 2pir0Σd,0vK,0
(
cs,0
vK,0
)2
St
1 + St2
r
3
2−qT Σd
r
P
∂P
∂r
, (B16)
where M˙d is converging if dM˙d/dr < 0 and dust particles are accumulated.
In the drift limited state, we can treat St as a constant value. We introduce a normalization, M˙d,0 =
2pir0Σd,0vK,0(cs,0/vK,0)
2St/(1 + St2), at r = r0. Then, the dimensionless divergence of the dust mass flux can be
expressed as
∂M˙d
∂r
=
∂
∂r
[(
r
3
2−qT Σd
)
·
(
r
P
∂P
∂r
)]
= r
1
2−qT Σd
{
∂2 lnP
∂(ln r)2
+
[(
1
2
− qT
)
+
∂ ln(rΣd)
∂ ln r
]
∂ lnP
∂ ln r
}
. (B17)
We use qT = 1/2 from MMSN model. Therefore, if dM˙d/dr < 0, then
∂2 lnP
∂(ln r)2
< −∂ ln(rΣd)
∂ ln r
∂ lnP
∂ ln r
. (B18)
This is the condition for dust grains to be piled up.
To examine the nature of this condition, we consider the situation that both the gas pressure and the dust surface
density are expressed by power laws as P = P0(r/r0)
−qP , Σd = Σd,0(r/r0)−qd . From eq. (B18), we obtain
qP (1− qd) > 0. (B19)
In the inward (outward) drift cases with qP > 0 (qP < 0), qd < 1 (qd > 1) is the condition for the increase of Σd; in
the opposite cases (qd > 1 for qP < 0 or qd < 1 for qP > 0), Σd decreases. Σd is in the steady-state condition for
qd = 1. This can be understood from the mass continuity equation (7). If we neglect the mass loss by the MDW, the
variation of dust surface density is
∂Σd
∂t
= −1
r
∂M˙d
∂r
. (B20)
Here, vd,r (eq. 10 with vg,r  vd,r) has a dependence of vd,r ∝ r0 because η = −(h2/r2)∂P/∂r ∝ r1/2 in the present
setup. Therefore, M˙d ∝ r1−qd , which clearly shows that qd = 1 is the steady-state condition. In the inward drift
condition of qP > 0, from eq. (B20) we can obtain ∂Σd/∂t ∝ (1− qd)/r1+qd . Relative decrease (or increase) rate of Σd
can be written as Γ = (∂Σd/∂t)/Σd ∝ r−1. When the slope is steeper, qd > 1, this relative decrease rate is faster for
smaller r, and then, the slope gets shallower to qd = 1. Otherwise if qd < 1, the relative increase rate is again faster
for smaller r, which makes the slope steeper to qd = 1. The similar argument can be applied to the outward drift
condition of qP < 0. We can conclude that the slope of Σd tends to approach the steady-state value of qd = 1 if the
mass loss by the MDW can be neglected.
Finally, we consider more general cases in which the radial dependence of gas pressure is deviated from a simple
power-law profile. We assume Σd = Σd,0(r/r0)
−qd again, and we can obtain eq. (31) from eq. (B18).
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